We present high-resolution Magellan/MIKE spectroscopy of the brightest star in the ultra-faint dwarf galaxy Leo IV. We measure an iron abundance of [Fe/H] = −3.2, adding to the rapidly growing sample of extremely metal-poor stars being identified in Milky Way satellite galaxies. The star is enhanced in the α elements Mg, Ca, and Ti by ∼ 0.3 dex, very similar to the typical Milky Way halo abundance pattern. All of the light and iron-peak elements follow the trends established by extremely metal-poor halo stars, but the neutron-capture elements Ba and Sr are significantly underabundant. These results are quite similar to those found for stars in the ultra-faint dwarfs Ursa Major II, Coma Berenices, Boötes I, and Hercules, suggesting that the chemical evolution of the lowest luminosity galaxies may be universal. The abundance pattern we observe is consistent with predictions for nucleosynthesis from a Population III supernova explosion. The extremely low metallicity of this star also supports the idea that a significant fraction ( 10%) of the stars in the faintest dwarfs have metallicities below [Fe/H] = −3.0.
INTRODUCTION
The chemical abundance patterns of the most metalpoor stars provide a unique fossil record of star formation, chemical evolution, and supernova nucleosynthesis in the early universe. Until recently, such studies were limited to the stellar halo of the Milky Way because nearby dwarf galaxies appeared to lack sufficiently metal-poor stars (Helmi et al. 2006) . Just over a year ago, the first extremely metal-poor (EMP) stars with [Fe/H] ≤ −3.0 were discovered in several of the Milky Way's lowest luminosity companions (Kirby et al. 2008) . Since then, the number of known EMP stars in nearby dwarf galaxies has been expanding rapidly (Frebel et al. 2010a; Cohen & Huang 2009; Aoki et al. 2009; Frebel, Kirby, & Simon 2010b; Norris et al. 2009 ).
Because the ultra-faint dwarfs host such incredibly tiny stellar populations (L 10 4 L ⊙ ), they represent particularly attractive targets for chemical abundance studies. These galaxies should have hosted only a few supernovae (SNe), and the individual chemical signatures of those explosions may be revealed in their oldest stars (e.g., Koch et al. 2008 ). Moreover, they were likely some of the first objects to collapse in the early universe (Bovill & Ricotti 2009) , and the lack of star formation at later times means that evidence of the nucleosynthetic processes operating at high redshift should be preserved.
In a previous paper we presented high-resolution spectra of six stars in the ultra-faint dwarfs Ursa Major II (UMa II) and Coma Berenices (ComBer), showing that both galaxies have very low metallicities, substantial iron abundance spreads, and overall abundance patterns similar to that of the Milky Way halo (Frebel et al. 2010a ).
Here we report spectroscopy of the brightest star (and the only one accessible to current telescopes at high spectral resolution) in the slightly more luminous galaxy Leo IV. In § 2 we describe Leo IV and our observations. We present our abundance analysis in §3, and then discuss the implications of our results for the chemical evolution of the faintest galaxies in § 4. In § 5 we briefly summarize our findings and conclude.
2. OBSERVATIONS AND DATA REDUCTION 2.1. Properties of Leo IV Leo IV was discovered as an overdensity of resolved stars in the fifth data release of the Sloan Digital Sky Survey (Adelman-McCarthy et al. 2007) by Belokurov et al. (2007) . Medium-resolution spectroscopy by Simon & Geha (2007, hereafter SG07) demonstrated that Leo IV has stellar kinematics and metallicities that are characteristic of dwarf galaxies, but as the most poorly-studied object in the SG07 sample its overall properties were not well constrained. Followup analysis of the SG07 spectra by Kirby et al. (2008) revealed that Leo IV has the lowest mean metallicity of any galaxy known, at [Fe/H] = −2.58 ± 0.08, with a very large internal metallicity spread of 0.75 dex. Subsequently, photometric studies by Martin, de Jong, & Rix (2008) , Sand et al. (2009 ), Moretti et al. (2009 ), and de Jong et al. (2010 refined the size (128 ± 26 pc), absolute magnitude (M V = −5.7 ± 0.3), and distance (154 ± 5 kpc) of the galaxy. SG07 identified a single bright red giant star, SDSSJ113255.99-003027.8 (hereafter referred to as Leo IV-S1), in Leo IV at V = 19.2, with the next brightest confirmed member nearly a magnitude fainter.
Observations
We observed Leo IV-S1 on 2009 February 18-20 with the Magellan Inamori Kyocera Echelle (MIKE) spectrograph (Bernstein et al. 2003) on the Clay Telescope. The observations were made with a 1 ′′ slit, producing a spectral resolution of R = 28, 000 on the blue side (λ < 5000Å) and a resolution of R = 22, 000 on the red side (λ > 5000Å). The CCD was binned 3 × 3 to reduce read noise for such a faint target, yielding a final dispersion of ∼ 0.07Å pixel −1 in the blue and ∼ 0.12Å pixel
in the red (i.e., sampling slightly better than the Nyquist rate). A temporary, lower efficiency detector was used because of the failure of the MIKE blue CCD in 2008 November. The total integration time was 8.67 hours (individual exposures were either 40 or 55 minutes) under mostly excellent observing conditions.
Data Reduction
The data were reduced using the latest version of the MIKE pipeline introduced by Kelson (2003) . Frames from each night were reduced together, and then the spectra from the individual nights were coadded at the end. The final spectrum was normalized in IRAF 6 and each order was analyzed separately. Because of the target star's faintness, the signal-to-noise ratio (S/N) achieved is modest: S/N = 10 pixel −1 at 4500Å, S/N = 25 pixel −1 at 5500Å, and S/N = 45 pixel −1 at 6500Å, comparable to that obtained for similarly faint stars by Koch et al. (2008) and Koch, Côté, & McWilliam (2009) . We measure a velocity of 130.9 ± 1.1 km s −1 , consistent with the previous measurement of 132.7 ± 2.2 km s −1 from SG07, which suggests that Leo IV-S1 does not have a binary companion in a close enough orbit to affect its evolution or abundances.
3. ABUNDANCE ANALYSIS 3.1. Line Measurements and Atmospheric Parameters Using a line list taken from McWilliam et al. (1995a) and Frebel et al. (2010a) , we measured equivalent widths (EWs) with the IRAF task splot. We detected ∼ 50 Fe I lines, and between one and ten lines for the following species: Fe II, Mg I, Ca I, Sc II, Ti I, Ti II, Na I, Cr I, Ni I, Sr II, and Ba II. A portion of the spectrum illustrating the detection of Ba is displayed in Figure 1 , and the EWs of all measured lines are listed in Table 1 .
Based on a combined photometric and spectroscopic analysis, Kirby et al. (2008) estimated T ef f = 4330 K, log g = 1.0, ξ = 1.6 km s −1 , and [Fe/H] = −2.9 for Leo IV-S1. Starting with these parameters, we constructed a 1D plane-parallel Kurucz model atmosphere (Kurucz 1992) and then iteratively redetermined the stellar parameters using the Fe I lines with the 2009 version of MOOG (Sneden 1973) . We first established the microturbulent velocity by minimizing the trend of Fe I abundance with EW. The derived value was ξ = 3.2 km s −1 , which would be quite high for the less luminous stars that are frequently observed in the Milky Way halo and globular clusters, but is comparable to values obtained for cool EMP giants from low S/N spectra 7 in a number of other studies (McWilliam et al. 1995a; Koch et al. 2008; Aoki et al. 2009; Frebel et al. 2010b) .
Next, we determined the effective temperature. Leo IV-S1 is unfortunately too faint to have been detected by 2MASS, so the reddest available color is V − I (converted from the SDSS magnitudes using the Jordi et al. 2006 transformations) . The colortemperature relation of Alonso et al. (1999) predicts T ef f = 4330 K using either B − V (from Moretti et al. 2009) or V − I. At this temperature, there is still a weak negative trend of Fe I abundance with excitation potential, as noted for similar stars by Norris et al. (2009, and references therein) , perhaps indicating deviations from local thermodynamic equilibrium. Forcing Fe I excitation balance and deriving T ef f from the spectrum alone would lead to a lower value (∼4200 K).
Ideally, the surface gravity would be set by imposing ionization balance on the Fe I and Fe II lines. Unfortunately, with the relatively low S/N and resolution of our spectra, very few Fe II lines were detectable, and they are all either weak features and/or in low S/N regions of the spectrum. We therefore do not consider any of our Fe II measurements (which span nearly an order of magnitude in abundance) to be very reliable. We instead resorted to the more basic technique of applying the Stefan-Boltzmann law and Newton's law of gravitation to calculate the gravity. The apparent r magnitude of Leo IV-S1 after correcting for interstellar reddening of E(B − V ) = 0.025 mag (Schlegel, Finkbeiner, & Davis 1998 ) is r = 18.76. Given a distance modulus for Leo IV of 20.94 mag (Moretti et al. 2009 ), the absolute magnitude is M r = −2.18. Using isochrones from Girardi et al. (2004) , we estimate a bolometric correction of −0.11 mag for stars of similar evolutionary state, yielding a luminosity of 637 L ⊙ . For a mass of 0.8 M ⊙ the corresponding surface gravity is log g = 1.0, varying only weakly with the assumed temperature (∆ log g = −0.05 dex for ∆T ef f = 100 K). This value for the gravity produces an Fe II abundance that is ∼ 0.3 dex higher than the Fe I abundance, but again, we do not regard the Fe II measurement as reliable. A much lower gravity of log g ∼ 0 would be required to bring [Fe I/H] and [Fe II/H] into better agreement. Our final atmospheric parameters are therefore T ef f = 4330 K, log g = 1.0, and ξ = 3.2 km s −1 , but we also derive abundances for the purely spectroscopic values of T ef f = 4200 K, log g = 0.0, and ξ = 3.2 km s −1 for comparison.
Derived Abundances and Uncertainties
We list the measured abundances from MOOG in Ta Since the photometric and spectroscopic solutions for T ef f and log g are not entirely consistent, assessing the impact that our choices for these parameters have on the derived abundances is important. An estimate of the systematic uncertainties can be obtained from the abundance differences between the two sets of stellar parameters. To quantify these further, we also vary the atmospheric parameters one at a time by approximately their uncertainties and examine the resulting abundance changes. The parameter uncertainties are set by considering how large a change is allowed by the Fe I abundances for ξ and T ef f , and assigning reasonable uncertainty levels for the gravity and overall metallicity: ∆T ef f = +150 K, ∆log g = −0.5 dex, ∆[M/H] = +0.3 dex, and ∆ξ = +0.3 km s −1 . The systematic uncertainties we derive are listed in Tables 2  and 3 . Over this range of parameters, the maximum iron abundance we obtain is [Fe/H] = −2.96, so we can confidently conclude that Leo IV-S1 is indeed an EMP star.
4. DISCUSSION 4.1. The Frequency of EMP Stars in Dwarf Galaxies Including Leo IV-S1, there are now detailed abundance studies (with individually determined atmospheric parameters) for ten stars in the ultra-faint dwarfs (Koch et al. 2008; Frebel et al. 2010a; Norris et al. 2009 ). The highest metallicity star included in these studies has [Fe/H] = −2.0 (Koch et al. 2008) , and four have metallicities below [Fe/H] = −3.0. As noted by Frebel et al. (2010a) , with the exception of Boo-1137 from Norris et al. (2009) these stars have been selected independent of their metallicities: the sole selection criterion (by necessity) is their apparent magnitude. The 33% success rate (3 out of 9, after excluding Boo-1137) at finding EMP stars strongly suggests that a substantial fraction of the stars in these systems have extremely low metallicities (Kirby et al. 2008; Salvadori & Ferrara 2009) . In order to obtain 3 EMP stars in a random drawing out of a sample of 9, the EMP fraction must be at least 10% at the 95% confidence level. The results of Norris et al. (2008) that 4 of 16 stars observed at medium resolution in Boo I (including Boo-1137) have metallicities below [Fe/H] = −3.0 provides further support for this case. As the observed data sets increase further, it therefore seems likely that many more EMP stars, and perhaps stars with even lower metallicities, will be identified. Provided that one is willing to invest the telescope time to obtain high-resolution spectra of 18th-19th magnitude stars, the ultra-faint dwarfs may be the most promising targets for increasing samples of stars with [Fe/H] < −3.5 and studying the fossil clues left behind by the first generation of stars.
Abundance Patterns in the Ultra-Faint Dwarfs
The abundances of light and iron-peak elements in Leo IV-S1 match closely those that we measured in UMa II and ComBer. The α elements Mg, Ca, and Ti are each enhanced by ∼ 0.3 dex compared to the solar ratios, identical within the uncertainties to those of the two EMP stars in UMa II. Sc, Cr, and Ni in Leo IV-S1 also agree with the measured abundances of UMa II below [Fe/H] = −3. Only a conservative [C/Fe] limit could be obtained for Leo IV-S1, indicating that the star is not strongly C-enriched. These similarities suggest that whatever process is responsible for producing elements from Na at least through the iron-peak in the ultrafaint dwarfs seems to be nearly universal, yielding similar abundances in almost every star examined so far. The only exception is the ratio of hydrostatic to explosive α elements (e.g., [Mg/Ca]), which is strongly enhanced in a fraction of the ultra-faint dwarf stars (Koch et al. 2008; Frebel et al. 2010a; Feltzing et al. 2009 ). As found by Frebel et al. (2010a) and illustrated in Fig. 2 , this common abundance pattern in ultra-faint dwarf stars (including Leo IV-S1) also agrees well with that of EMP stars in the Milky Way halo (e.g., Cayrel et al. 2004; Lai et al. 2008) .
Moreover, Leo IV-S1 continues the trend of unusually low neutron-capture abundances in the ultrafaint dwarfs (Koch et al. 2008; Frebel et al. 2010a) , with [Ba/Fe] = −1.45 and [Sr/Fe] = −1.02. Unlike the lighter species, for heavy elements the ultrafaints as a whole do not agree with typical halo behavior; the halo has a higher mean abundance and spans a larger range of [nc/Fe] at similar metallicities ( Fig. 2 ; also see François et al. 2007; Lai et al. 2008) . Stars in the brighter dwarf spheroidals (dSphs) generally have roughly solar abundances of Ba and Eu, al-though a few of the most metal-poor stars in those galaxies show a similar deficiency of heavy elements as the ultra-faint dwarfs (Fulbright, Rich, & Castro 2004; Frebel, Kirby, & Simon 2010b ). This distinction from both the halo and the classical dSphs suggests that the heavy elements may be produced differently in the ultrafaint dwarfs than in their brighter counterparts (at least at later times).
Abundance measurements of the few strongly r-process enhanced EMP stars in the halo indicate that SNe that produce r-process elements in large quantities must be rare (e.g., McWilliam et al. 1995b ) or inefficient at dispersing those elements into the surrounding gas. It has been suggested that core-collapse SNe over a narrow mass range are the astrophysical site for the main rprocess, perhaps in the lowest mass SNe (8 − 10 M ⊙ ) (e.g., Qian & Wasserburg 2003; Wanajo et al. 2003) . If the enrichment of all of the ultra-faint dwarfs is a result of randomly sampling supernovae from a common initial mass function (IMF), and assuming the main r-process to be the dominant source for the observed neutron-capture elements, then most dwarfs that incompletely sample the SN mass function will show deficient [Sr/Fe] and [Ba/Fe] ratios because r-process SNe are rare. A small fraction, however, should contain relatively r-process rich EMP stars. Since the IMF of the first stars is expected to be top-heavy (e.g., Yoshida et al. 2006) , the low r-process abundances we observe could arise naturally if r-process elements are predominantly made by these lower-mass SNe.
Despite the overall broad similarities with the other ultra-faints, possible signs of stochasticity in the abundance patterns of the faintest dwarfs are also evident in the data that have been acquired over the past few years. Two stars in Hercules and one each in Boo I (Feltzing et al. 2009 ) and Draco (Fulbright et al. 2004 ) exhibit very high [Mg/Ca] ratios that are argued to result from small numbers of supernovae and the resulting incomplete sampling of the IMF (Koch et al. 2008) . The Hercules stars also have extremely low (nearly unprecedented; see Fig. 2 ) upper limits for [Ba/Fe], while Ba has been detected in every star observed so far in UMa II, ComBer, and Leo IV, despite much lower overall metallicities. It may be noteworthy that it is the most luminous ultra-faint dwarfs that seem to contain these unusual signatures, but larger samples in all of these galaxies are needed before drawing strong conclusions. have shown that Population III SNe from initially metal-free massive stars can produce an elemental abundance pattern similar to that measured by Cayrel et al. (2004) for EMP halo stars. In a similar study, Tominaga, Umeda, & Nomoto (2007) concluded that Pop III hypernovae with unusually high energies are necessary to match the Cayrel et al. (2004) data. The agreement between the abundances of Leo IV-S1 and the Cayrel et al. sample suggests that some form of Pop III nucleosynthesis may be able to explain the chemical abundances of Leo IV as well. In Fig. 3 we demonstrate the quality of the match that can be obtained between the observed abundances and the models; the best fit found by comparisons with the grid of models from Heger & Woosley (2008) is for a low-mass (∼ 10 M ⊙ ) SN with an average explosion energy. Higher mass hypernova explosions can also provide acceptable fits.
Supernovae and Nucleosynthesis in Leo IV
Because the number of stars in Leo IV is so small (L V = 14000 L ⊙ ), the metal content of the entire galaxy is extremely low. For example, given the mean metallicity determined by Kirby et al. (2008) and assuming a stellar mass-to-light ratio of 1 M ⊙ /L ⊙ , Leo IV contains just 0.042 M ⊙ of Fe. Since this is comparable to the amount of Fe produced by the best-fitting Pop III SN models , if Leo IV was indeed enriched by such explosions then a single supernova may be enough to have produced all of the observed heavy elements. It is also possible, of course, that multiple supernovae contributed to the chemical evolution of the galaxy if most of the metals were blown out via winds rather than having been incorporated into subsequent generations of stars. Nevertheless, we tentatively conclude that Leo IV-S1 may reflect the nucleosynthetic yields of the first Pop III star that the galaxy formed, at a time when its gas content was ∼ 4 × 10 4 M ⊙ . Other ultra-faint dwarfs therefore might reveal the abundance patterns of SNe with different masses, consistent with recent observations of Hercules (Koch et al. 2008) 5. SUMMARY AND CONCLUSIONS We have carried out a high-resolution abundance analysis for the brightest star in the ultra-faint dwarf galaxy Leo IV. With [Fe/H] = −3.2, Leo IV-S1 adds to the rapidly increasing sample of extremely metal-poor stars in dwarf galaxies. The low metallicity of Leo IV-S1 provides further support for the hypothesis that a substantial fraction ( 10%) of the stars in the faintest dwarfs lie in the EMP regime.
The abundance pattern in Leo IV is extremely similar to that found in both the other ultra-faint dwarfs and the metal-poor Milky Way halo. As suggested by Frebel et al. (2010a) , this excellent agreement demonstrates that the metal-poor end of the halo metallicity distribution could have been formed in galaxies like the ultra-faint dwarfs. The only exception to the close match between the halo and the ultra-faint dwarfs is the neutron-capture elements, which still appear somewhat lower in the dwarfs, but more measurements of these elements are needed.
Interestingly, the most metal-poor stars in some of the brighter dSphs seem to share the same chemical signature of α-enhancement and neutron-capture depletion (Fulbright et al. 2004; Frebel et al. 2010b) , although the abundances in those systems deviate substantially at higher metallicities (Shetrone et al. 2003; Venn et al. 2004) . The similarity between the abundances of Leo IV-S1 and other dwarfs such as UMa II, ComBer, Boo I, and Sculptor suggests that the initial enrichment in many galaxies may have been universal. Differences between the abundances in the faintest dwarfs (ComBer, UMa II, and Leo IV) and the stars in somewhat more luminous systems, on the other hand, could point to stochastic chemical variations. Finally, we show that the abundance pattern of Leo IV-S1 is consistent with Population III supernova models, raising the possibility that Leo IV was enriched by some of the first stars. Fig. 2. -Abundance pattern of Leo IV-S1 (filled red square) compared to stars in other ultra-faint dwarf galaxies (filled blue circles: ComBer and UMa II from Frebel et al. 2010a ; filled magenta diamonds: Boötes I and Hercules from Koch et al. 2008 and Norris et al. 2009 ; filled green triangle: Sculptor star S1020549 from Frebel et al. 2010b ) and a representative sample of metal-poor Milky Way halo stars (open black circles) from Cayrel et al. (2004) , Cohen et al. (2004) , Aoki et al. (2005) , François et al. (2007) , and Lai et al. (2008) . With the possible exception of the two relatively metal-rich stars in Hercules at [Fe/H] = −2, the distribution of α and iron-peak abundance ratios is very similar across all of the ultra-faint dwarfs and the halo. All data displayed here have been adjusted to the Asplund et al. (2009) Note. -All abundance ratios [X/Fe] (including ionized species) are calculated relative to Fe I. a Statistical uncertainties are defined as the standard error of the mean of abundances of individual lines (accounting for small sample sizes where fewer than 10 lines are used). b Systematic uncertainties refer to quadrature sums of the changes listed in Table 3 relative to Fe I for each species.
TABLE 3 Abundance Uncertainties

Species
∆ log ǫ(X) ∆ log ǫ(X) ∆ log ǫ(X) ∆ log ǫ(X) for T ef f + 150 K for log g − 0. 
